Just as an entire organism can be treated as a collection of interacting cells, so can a cell be considered as a collection of individual molecules, a view that is essential for understanding the complex molecular interactions present in living systems. The current expansion in life-science research has been fuelled in part by the development of biophysical technologies, some of which allow cellular processes to be examined at the level of a single molecule. In particular, advances in solid-state lasers and detectors have led to the development of fluorescence techniques capable of resolving single molecules in aqueous solution at room temperature \[[@B1]-[@B7]\]. Now that the field is over a decade old, the challenge for single-molecule research is no longer simply to demonstrate that this technique is possible but rather to provide fresh insight into specific biological problems.

A key facet of future single-molecule experiments will be direct manipulation of a biomolecule whilst the outcome is simultaneously observed. Although it is relatively straightforward to change bulk parameters (such as temperature or solution composition) in order to influence a single molecule, there is considerable benefit in being able to manipulate a given molecule directly (for example, by changing mechanical load or electrical potential). Furthermore, the use of two distinct single-molecule techniques on one system is of particular interest, an example of which has now been reported in this journal. Lang *et al*. \[[@B8]\] carried out such an experiment using an optical trap to apply calibrated forces to a single DNA molecule while monitoring optical output from a reporter fluorophore. Here, we highlight this and other recent experiments that have begun to address the problems of conducting simultaneous single-molecule measurements and consider the benefits of obtaining data in this way.

Single-molecule research
========================

Single-molecule detection provides several crucial advantages over more conventional bulk methods for biological measurements. By examining a sample molecule by molecule, it is possible to resolve the range and distribution of behaviors exhibited by the system, including such properties as molecular force, conformational change and molecular interaction. A single-molecule experiment is capable of detecting subpopulations or intermediates that may be impossible to observe by measuring the properties of an ensemble. Dynamic information from a single molecule, obtained by observing its fluctuations about equilibrium, allows kinetics to be derived without the need to synchronize an entire population into a non-equilibrium state. In addition, the ultimate sensitivity of single-molecule studies makes them ideal for studying systems in which the event or molecule of interest is rare, as is the case for molecules present at only a single copy or few copies per cell. The term \'single-molecule research\' has come to encompass experiments that deal with the interactions of a few molecules as well as those involving just one molecule. By way of background, we first review a few existing single-molecule techniques, in particular those that measure optical and mechanical signals.

Single-molecule fluorescence
----------------------------

Single-fluorophore detection entails the illumination of a molecule (usually with laser light) and collection of the emitted fluorescence using an objective lens with a high numerical aperture coupled to a sensitive detector such as an image-intensified camera, cooled charge-coupled device (CCD), avalanche photodiode, or photomultiplier tube. This allows the light emitted by a single fluorophore to be detected over a variety of temporal and spatial resolutions. Observation of single fluorophores has already made a significant contribution to our understanding of various biological problems: for example, the conformational dynamics of the hairpin ribozyme have recently been studied \[[@B9]\]. This work showed that distinct intermediate conformations are strongly linked to catalytic function.

Many of the initial advances in single-fluorophore detection have come from the study of motor proteins. For example, the first study of a single turnover of an enzyme molecule in an aqueous environment was of myosin hydrolyzing a fluorescent ATP analog \[[@B10]\]. Optical studies of the turnovers of single enzyme molecules \[[@B11],[@B12]\] have indicated that the behavior of some enzymes might depend upon their previous state (so, proteins might have a conformational memory), while in another study ensemble and single-molecule kinetics were shown to be well correlated \[[@B13]\]. Single-molecule fluorescence has also been used to observe discrete sub-states during protein folding \[[@B14],[@B15]\]. Of particular interest to cell biologists is the possibility of studying the behavior of individual molecules inside living cells \[[@B16]-[@B18]\].

Single-molecule forces
----------------------

Two principal methods are available for resolving the forces exerted by single molecules \[[@B19]\], optical traps (or tweezers) and atomic force microscopy (AFM), both of which can be considered as forms of \'nanotechnology\'. Optical traps use the photon pressure produced by a tightly focused laser beam to trap particles. When combined with precise position sensors, the trap can be used to investigate the mechanical properties of biomolecules, measuring forces in the 0.1--100 pN range with one nanometer resolution \[[@B19]\]. Optical traps have been used to study protein and DNA unfolding \[[@B7],[@B20]\], and to measure the force and movement produced by molecular motors as they convert the chemical energy from hydrolysis of a single molecule of ATP into mechanical work \[[@B21]\].

AFM was originally developed to produce nanometer-resolution images of surfaces by raster scanning (performed using a pattern of parallel lines) with a sharp nano-probe using a piezoelectric scanning head. Recently, AFM has been adapted so as to apply controlled forces in the range of 10 pN to 10 nN to individual molecules \[[@B22]\]. In these measurements a biomolecule is attached between a fixed surface and the AFM tip. AFM experiments have monitored unfolding in molecules such as titin (a 4.2 MDa protein of muscle) \[[@B23]\] and DNA \[[@B24]\], and to break single covalent bonds \[[@B25]\]. Closely related to AFM techniques are experiments that use microneedles to study interactions such as those of myosin with filamentous actin \[[@B26]\]. Laser excitation has also been used to induce protein conformational changes that can be detected by AFM in a photosensitive polymer \[[@B27]\].

Combining fluorescence and force measurement
============================================

In contrast to the above examples, there have been relatively few experiments that measure single-molecule forces and fluorescence at the same time. This is predominantly because of the problems of detecting single-molecule fluorescence where a high level of background light is present. In the case of optical traps (see Figure [1a,b](#F1){ref-type="fig"}), this is due to the high laser power required to create the traps. For AFM experiments (see Figure [1c](#F1){ref-type="fig"}), the main source of background is scattering of light from the AFM tip and from its optically based detection system. In this context, the combined single-molecule fluorescence and optical trap reported by Lang *et al.*\[[@B8]\] is of particular note. Although the instrument is only briefly described in their communication, it is an important advance on a previous apparatus, which has been described in greater detail \[[@B28]\].

Pioneering work on combined optical trap and single-fluorophore experiments has come from the laboratory of Yanagida \[[@B29],[@B30]\]. In 1998 Ishijima *et al.*\[[@B29]\] reported simultaneous monitoring of both force and fluorescence using a dual optical trap arrangement and total internal reflection illumination to observe the turnover of ATP by myosin as the myosin interacted with a single actin filament. Binding, hydrolysis and release of a fluorescently labeled nucleotide to a surface-attached myosin were monitored. A delay between force generation and ADP release was observed, suggesting that there was no tight coupling between the enzyme-ligand state and force production. This interpretation is controversial, however, and would appear to be contradicted by structural studies of muscle contraction \[[@B31]\]. Another example of combined optical trap force and fluorescence measurements comes from the diminished binding of RNA polymerase to DNA when polymer length is increased \[[@B30]\]. Although the application of force in this case was not finely monitored, the experiment does give a good example of how combined force and fluorescence measurements can be used to examine biomolecular function.

Lang *et al.*\[[@B8]\] studied the force required to split a short length of duplex DNA, using an approach in which a single optical trap is positioned close to the fluorophore. Use of a 1,000 base-pair linker between the optically trapped bead and the DNA duplex under consideration represents a decrease in linker length by approximately two orders of magnitude compared to previous experiments using dual optical traps \[[@B29],[@B30]\]. In achieving this, Lang *et al*. \[[@B8]\] had to overcome the enormous photon background of the trapping laser beam relative to the fluorescence of the probe. Another nice feature of their experiment \[[@B8]\] is the large increase in the rhodamine probe fluorescence brought about by the unzipping of double-stranded DNA. The change in linker strategy (from separation of optical trap and fluorescence detection using a suspended filament to direct coupling of trap and fluorescence using a DNA linker) results in a measurement that is spatially coincident to within a few hundred nanometers. This opens up the way to a range of new experiments in which linkage compliance is reduced and the optical trap is close to the biomolecule under investigation. Such experiments could be well suited to tackle phenomena such as DNA transcription, translation, protein biosynthesis, and processive molecular motors like kinesin and myosin V. All of these could involve applying forces to biopolymers in an experimental configuration similar to that described by Lang *et al.*\[[@B8]\].

Developing new techniques
=========================

It is undoubtedly difficult to construct instruments capable of making combined single-molecule force and fluorescence measurements, and in the foreseeable future this is likely to be the major barrier to non-specialists. New families of fluorescence probes and new strategies for conjugation of probes to biomolecules will, however, make this aspect of the task less formidable. There is a relatively large repertoire of commercially available fluorescence probes for single-molecule studies. These can generally be obtained in a chemically activated form for attachment to biological macromolecules. The more photostable probes, such as rhodamines and cyanines, are typically less environmentally sensitive than the less stable, but environmentally sensitive dyes, such as coumarins. If environmental sensitivity is required, then that may be achieved in a variety of ways, for example, as in the Lang *et al*. experiment \[[@B8]\] in which advantage was taken of fluorescence enhancement on dissociation of rhodamine dimers \[[@B32]\].

Much excitement is currently evident about the prospect of using quantum dots as probes because they may now be covalently attached to biomolecules with long-term photostability \[[@B33]\]. Quantum dots are nanometer-sized semiconductor crystals with special optical qualities, although at present the \'blinking\' of quantum dots renders them unsuitable for some single-molecule experiments \[[@B34]\]. Whether blinking can be eliminated remains an open question. Their unprecedented two-photon cross-section, however, permits high spatial resolution single-molecule experiments, suggesting that quantum dots may become invaluable in the field of single-molecule probes \[[@B35]\]. For many experiments, for example using Förster resonance energy transfer (FRET), two optical probes are required. When two macromolecules are involved, the specificity of labeling with probes is generally not a problem. If two chemically reactive sites for probes are required within a single macromolecule, protein engineering using ligation of expressed protein \[[@B36]\] or separation of labeled protein derivatives using anion exchange chromatography \[[@B37]\] may be the answer. There is a range of approaches available for introducing fluorescent probes into cells; the most spectacular of which is the endogenous expression of green fluorescent protein as a sensitive probe for single-fluorophore detection. But techniques must also be developed that are capable of detecting single fluorophores in the presence of the high background autofluorescence typical in a cell. Promising examples are the use of two-photon cross-correlation spectroscopy for the study of biomolecular interactions \[[@B38]\] and of total internal reflection fluorescence (TIRF) microscopy \[[@B16]-[@B18]\]. It is difficult to be categorical about the spatial and temporal resolution of combined instrumentation, but it is currently about one nanometer and one millisecond, respectively.

A complementary advance in single-molecule biology has its roots in the patch-clamp methods in electrophysiology that allowed ion-channel mechanisms to be elucidated \[[@B39],[@B40]\]. This advance is the ability to monitor two parameters on a single biomolecule or organelle using two distinct probes. Examples of this technology are the combination of amperometric and fluorescence measurements in studying secretion \[[@B41]\], and the recent study of ion channels by Borisenko *et al.*\[[@B42]\] in which simultaneous fluorescence and electrical recording from a single gramicidin channel was achieved.

In conclusion, the development of techniques capable of both observing the response of a single molecule and applying precise changes to that molecule has great potential for understanding the fundamentals of many biological systems. These techniques are being used to address problems as widespread as protein folding, ligand-receptor interactions, mechanically controlled signal transduction, the mechanics of DNA and RNA, and motor-protein mechanisms. Detecting responses on the same molecule that is being perturbed by physical means provides a new route for biological research that is sure to provide insights of interest to life scientists.
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![Three potential methods by which combined single-molecule force and fluorescence measurements can probe biomolecular interactions. **(a)**An optical trap; **(b)**dual optical traps; **(c)**an atomic force microscope (AFM). Labeling of a biomolecule, anchoring to a fixed surface and excitation using evanescent-wave illumination -- that is, total internal reflection fluorescence (TIRF) microscopy -- permit the simultaneous detection of single-molecule fluorescence and force.](1475-4924-2-4-1){#F1}
